S paSticity in diplegic children affected with cerebral palsy (CP) is a pathological condition, the effects of which are cumulative and cause musculoskeletal deterioration, especially during the years of locomotor development, leading to even more severe handicaps. When spasticity becomes refractory to physical therapy and all other treatments such as botulinum toxin injections, neurosurgery may be a recourse to rebalance postures and gait by reducing the excess of muscle tone and preventing deformities.
Since its introduction in 1898 by Foerster, 14 lumbosacral dorsal rhizotomy (DRh) has remained a controversial procedure because it involves lesioning and irreversible effects. The challenge consists in achieving effectiveness and selectivity at the same time. Sectioning too many fibers would compromise useful tone, whereas sectioning too few would result in insufficient effect or potential recurrence. The aim is to target the appropriate radicular levels and thus the proper muscle groups, namely those that harbor harmful spastic components, as well as to interrupt just the appropriate amount of fibers so as not to weaken the muscle groups that sustain useful tone, especially the ones responsible for pelvic stability and antigravity function.
Multidisciplinary teams together with the caregivers should establish a tailored operative plan for each child. Realistic goal setting is the key to a satisfactory outcome, with the postoperative expectations and limits being weighted and explained to the patient and family. All of these factors have to be written down in the form of a preoperative chart.
Various modalities of intraoperative explorations have been developed over decades, based on the following principles: 1) stimulation of the ventral roots (VRs) for verifying the precision of radicular levels; and 2) stimulation of the dorsal roots (DRs) to evaluate the degree of excitability of the metameric circuitries. Intraoperative neuromonitoring (ION) is demanding in terms of duration of surgery and its implications for the anesthesiological and surgical team. What should be the optimal protocol remains controversial. Not only are modalities not uniformly applied among the various teams dealing with this type of surgery, 45 but also the usefulness of ION itself is a matter of debate. 31, 43 To provide insight in this practical debate, we launched a prospective study in a preliminary series of 13 patients, comparing the decisions written down in the preoperative chart with the data collected from ION. For this work the neurophysiological investigations have been performed in the most complete fashion possible. In this study the perspective was limited to evaluating to what extent the intraoperative information led to modifications in the initial decisions for surgical sectioning, and thus to estimate its practical usefulness.
Methods

Patient Selection
Patients enrolled in this study suffered spastic diplegia of CP origin, with various degrees of severity. In spite of physical therapy and other nonsurgical interventions, all children experienced deterioration of their locomotor development along with evolving deformities. The main criterion for the decision to perform surgery, and for its timing, was the regression in the Gross Motor Function Measure score. 38, 41, 42 For the children able to walk, the goal was to improve ambulation and gait and prevent contractures. For the nonambulatory children, the aim was to ease care, improve comfort, and stop the evolution of deformities. The objectives and limits of the surgery were established within the framework of the institution's multidisciplinary team. The study was approved by the institutional review board of the University of Lyon. Written informed consent was obtained from the families of all 13 patients.
Surgical Planning
Preoperative Chart
The plan was tailored to each patient's features ( Fig.  1 ) and the objectives were written down in a preoperative chart along with the patient's informed consent. The preoperative chart included the following: 1) description of the harmful components of spasticity; 2) enumeration of the muscle groups harboring excess of tone; 3) designation (from L-2 to S-1/S-2 root) of the corresponding DRs expected to carry the "deleterious afferents" and thus to be targeted; and 4) estimation of the percentage of the dorsal rootlets to be cut per targeted DR, according to the excess of tone in the corresponding myotome(s) (50% ± 25% per targeted root). 42 Also, roots corresponding to muscles whose tone needed to be preserved-especially those playing an antigravity role or participating in pelvic stability (principally L-4 for quadriceps and L-5 for gluteus muscles), particularly in ambulatory children, were noted so they could be spared. Sectioning S-2, which would be justified to reduce tone in hamstrings and/or flexors of the toes, was considered with prudence due to involvement of this root in the urinary and genital functions.
Setting for ION and Electromyographic Recordings
To confirm or modify the surgical plan previously written in the preoperative chart, intraoperative investigations were undertaken, which consisted of the identification and study of the muscle responses after radicular stimulation, both as observed by the physiotherapist and as recorded by electromyography.
Electromyographic Recordings. Patients were placed in the prone position ( Fig. 2A) . The electromyographic (EMG) exploration included several cardinal muscles in both lower limbs, namely adductors (adductor longus) for L2-L3 roots; quadriceps (rectus femoris) for L3-L4; tibialis anterioris for L-4; extensor hallucis for L-5; hamstrings (biceps femoris) for L5-S2; triceps surae (soleus) for S-1; flexor digitorum brevis for S-2; and external anal sphincter with electrodes placed at the 3rd and 9th hours for S2-S4. The recording electrode made of 2 intramuscular needles was inserted in each selected muscle. The distance between the 2 needles was approximately 2 ± 1 cm, because a greater distance would risk recruiting neighboring muscle groups and compromise specificity and thus selectivity. The ground electrode was placed in the reference point, subcutaneously-namely at the level of iliac crest on one side.
Compound motor action potentials (CMAPs) were recorded on 16 channels (8 successive channels on each limb). The display form had a total vertical deviation (gain) of potential of -500 to 500 mV/division and a sweep spread of 75 msec/division. For root stimulation, a fine flexible bipolar probe was used, and the distance between anode and cathode was 3-5 mm.
The EMG recordings had a real-time mode, i.e., EMG activities were continuously monitored. This was useful during radicular dissection. Any disturbance was traced directly so that the roots could be protected from eventual aggressive manipulations.
Physiotherapist Observation. In our protocol the institution's physiotherapist was present throughout the operation. For this purpose a space was organized to enable access to the patient's lower limbs ( Fig. 2A) . The physiotherapist was asked to evaluate the muscle responses after stimulation of each root, by direct vision and palpation of muscle contractions, independently from the EMG recordings. In muscle groups not accessible to EMG recordings, as for the psoas-iliacus group, the study was based exclusively on the physiotherapist's observation. His or her role was also fundamental for the observation of the eventual responses spreading to the contralateral lower limb or even upper limbs.
Anesthesia
Surgery was performed with the patient placed prone, under general anesthesia ( Fig. 2A) . The patients were intubated under rapid-sequence induction, using short-acting neuromuscular agents. No muscle relaxants were administered thereafter, because they would render muscle responses to intraoperative stimulation uninterpretable. For maintenance of anesthesia, the agents used were inhaled sevoflurane (or 50%-70% nitrous oxide) and intravenous sufentanil or remifentanil.
Surgical Approach
The surgical approach was the modality that we have previously published under the name of keyhole interlaminar dorsal rhizotomy (KIDr). 41 In brief, the method is based on the creation of 2-3 enlarged midline interlaminar (IL) openings (Fig. 2B) , whose number and level are decided individually for each patient on the basis of the preoperative chart, as illustrated in the schematic drawing of Fig. 1 . The principle of this approach is to respect the spinous processes and interspinous ligaments. At each selected IL space, the flavum ligament is entirely removed. According to our original description, the size of each window (enlarged IL space and midline dural opening) is on the order of 2.5 cm, which generally allows access to 2 adjacent roots (1 upper and 1 lower) by modifying the axis of the microscope (Fig. 2C) . Optimal length of the IL opening requires the resection of approximately two-thirds of the upper and three-fourths of the lower laminae. Then dura mater is opened on the midline. According to the keyhole principle, roots are accessed from the contralateral side, passing underneath the preserved interspinous ligament via an oblique intradural trajectory ( Fig. 2D-F) .
The ventral and dorsal components of each exposed root were identified intradurally at the exit from or entry to their dural sheath (Fig. 2D) . The VR and the DR, the latter generally consisting of 4-5 distinct rootlets, were FIG. 1. Schematic drawing of IL vertebral levels where selected roots can be targeted for DRh: at L1-L2 for roots L-2/L-3; at L2-L3 for roots L-3/L-4; at L3-L4 for roots L-4/L-5; at L4-L5 for roots L-5/S-1; and at L5-S1 for roots S-1/S-2. The IL spaces to be opened are determined according to the preoperative plan for root sectioning (i.e., tailored operation). The gray squares represent IL vertebral levels where targeted roots are approached intradurally in this illustration. Roots L-2 and L-3 were targeted for treatment of spastic hip flexion and thigh adduction. Root L-4 was targeted for treatment of extended knee with patellar ascension. Root S-1 was targeted at the L5-S1 IL space for treatment of spastic foot in equinism, varus, and spastic hamstrings.
separated at a length that ranged from 5 mm to no more than 10 mm, to minimize manipulation and thus preserve the roots' electrical conduction properties.
Root Stimulation
Stimulation of roots was performed with a bipolar probe, with an interpole distance of 4 ± 1 mm. A few seconds of stimulation, with the probe being kept in close contact with the root, are needed before obtaining a steady state reliable enough to interpret the muscle responses. Three consecutive stimulations provoking similar results are a prerequisite before interpretation of the muscle responses is performed.
Stimulation of VRs (i.e., anatomical mapping) was performed orthodromically to identify their innervation territory (i.e., myotome) and thereby confirm their topographical level (Fig. 2E ). The VR stimulation was performed using 2 Hz of frequency at a low intensity: namely 200 mA, which is generally slightly above the motor threshold (currently at 50 mA), so that the risk of producing spread of current to adjacent roots is minimal. The starting point of VR stimulation was at the level of L-2, resulting in hip flexion from the psoas-iliacus muscle and thigh adduction; then stimulation was continued down to S-2/S-3 for checking anal sphincter responses.
Stimulation of DRs (i.e., physiological testing) was the next step, to evaluate their degree of involvement in the tone circuit excitability (Fig. 2F ). In this series of patients stimulation of the DR was performed globally (i.e., including all the constituting rootlets as a whole). According to Fasano's description, stimulation was in the form of a 1-second train of 50-Hz square-wave pulses, each with a 0.1-msec duration, slightly above threshold-generally at 1 mA of intensity. [10] [11] [12] This intensity, which is approximately 3-5 times above the motor response threshold, was chosen so as not to elicit excessive "parasite" diffusions.
Of note, stimulation of the S-2 DR was included in the protocol, but its purpose was to confirm topography and myotomal distribution, and not to be targeted for surgical sectioning because of its participation in urinary and genital innervation, with just 1 exception (case 3).
Interpretation of DR Stimulation Responses for Surgical Decision Making.
The criteria used to distinguish normal from abnormal muscle responses were those originally described by Fasano and colleagues [10] [11] [12] and modi-
FIG. 2. A:
Schematic drawing of the organization of the operating room and surgical team. The curved arrow indicates that the surgeon changes position and side to obtain best access to the targeted root. B: Exposure of L1-S1 laminae, with L1-L2, L3-L4, and L5-S1 IL fenestrations, as selected at surgical planning. At each fenestrated level, the inferior two-thirds of upper lamina and the superior two-thirds of lower lamina are rongeured, and flavum ligamentum is removed to expose dura, so that dura and arachnoid are opened on the midline. Note at each fenestrated level, the preservation of the spinous processes and interspinous ligament (tapes). C: Placement of microscope allows rotation from one side to the other, and targeted roots should be approached from the contralateral side in an oblique 45° axis. D: Exposure and individualization of the VRs and DRs at the exit from or entry to their dural sheath. At each fenestrated level, the inferior two-thirds of upper lamina and the superior two-thirds of lower lamina and flavum ligamentum are removed to expose dura, so that dura and arachnoid are opened on the midline. At each fenestrated level, the spinous processes and the interspinous ligament (asterisk) are preserved. Enlarged IL space on the order of 2.5 cm. Low. Sp. P. = lower spinous process; Up. Sp. P. = upper spinous process. E and F: Stimulation of the VR (E) and DR (F) performed using a bipolar electrode (stim). Anatomy is characteristic, with the VR being situated anteriorly and the DR posteriorly. The DR is approximately twice as thick as the VR.
fied by Philips and Park 35, 36 and Mittal. 21 Responses were estimated to be normal (grade 0) when located in the muscle group(s) corresponding to the segmental level of the stimulated DR (i.e., myotome) and with a single motor response-or with multiple responses but having a decremental amplitude pattern. Responses were considered abnormal when characterized by an incremental amplitude pattern or sustained as follows: in the corresponding myotome (grade 1), in myotomes of adjacent level(s) (grade 2), or in myotomes distant from that of the stimulated DR (grade 3). Grade 4 is assigned when spreading responses are diffusing to muscles in the contralateral lower limb or the upper limb(s) (Fig. 3) . 16, 17, 21 According to the EMG recordings and the physiotherapist's observations, which were independent from each other, the motor response of each root was assigned a grade of excitability of 0, 1, 2, 3, or 4, as shown in Table 1 .
Criteria for Root Sectioning. Responses to stimulation were used to determine which DRs and which amount of rootlets per root were to be cut. The final decision to respect or transect and to what extent (i.e., the operative sectioning plan) was established from the synthesis of the 3 following elements: 1) the preoperative chart; 2) the electrophysiological responses monitored through the 16-channel recordings (8 from each side); and 3) the muscle contractions as documented by the physiotherapist.
The surgical plan established preoperatively was thus adjusted according to the intraoperative information. Increases in the percentage of DR sectioning were decided when grades were found to be 4 or 3, and decreases when grades were 2 or 1.
Data Analysis
Data were recorded in Excel spreadsheets. Analysis mainly consisted of the comparison of the preoperative planning with the final decisions for sectioning made on the basis of ION information. Modifications in the surgical plan were quantified by calculating the difference between the final percentage of roots that were sectioned and the percentage of the preoperative estimation. Depending on whether the final sectioning percentage was higher, lower, or equal to the initial estimate, the difference was positive, negative, or none.
The study included both the overall modifications in the 130 total targeted roots (13 patients × 5 levels × 2 sides) and the modifications with regard to each radicular level. Of note, data from the stimulation of S-2 roots have not been used in the calculations, except for the patient in case 3. In the patient in case 5 we proceeded to the KIDr technique by performing only 2 IL fenestrations, at levels L1-L2 and L4-L5, so that the L-4 roots were not approached and therefore not stimulated.
The values calculated were as follows: 1) the percentage of patients in whom modification was decided after ION; 2) the percentage of roots in which modification was decided and the individual percentages of roots that underwent an increase or decrease in sectioning; 3) the overall magnitude of the modifications, expressed as the mean absolute value of the difference between the initially decided and the final (after ION) percentage of sectioning for all roots, and also the mean increase in sectioning in the subgroup of roots in which an increase was decided and, similarly, the mean decrease in sectioning; 4) the percentage and magnitude (mean absolute difference) of increases and decreases for each radicular level, from L-2 to S-1; 5) the various grades of excitability, according to Fasano et al.'s classification, per radicular level; and 6) the concordances and/or discordances between the findings of the physiotherapist and the EMG recordings, and their important role in the decision about sectioning.
The systematic radicular exploration, performed for practical reasons on each of the 6 exposed VRs (from L-2 to S-2) on both sides, provided additional knowledge about their myotomal distribution, as well as the symmetry be- For the physiotherapist, + = minimal observed motor response; ++ = important motor response; and +++ = maximal response. The contractions of psoas muscles can be written down as an additional observation by the physiotherapist.
* All grade numbers were assigned according to the Fasano system described in text, and pertain to both the left and right sides.
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tween the left and right side in myotomal topography. The same exploration was performed using DR stimulation. The data corresponding to the results of this functional anatomical study are the subject of another work that is currently under preparation.
Statistical Analysis
We checked whether the grades of excitability, as assigned by ION, differed among DR levels, by using the nonparametric Kruskal-Wallis test. Grades obtained by intraoperative EMG recordings and by physiotherapist observation were studied separately. Moreover, to evaluate whether the excitability grades, as recorded by intraoperative electromyography, were in concordance with the ones evaluated intraoperatively by the physiotherapist, we used Spearman's rank correlation. For the same issue, the kappa coefficient was used to measure the degree of agreement between the electromyogram and physiotherapist's findings.
One-tailed Wilcoxon signed-rank test was used to evaluate whether the absolute difference between the preoperative plan and the final decision for each root level was statistically greater than zero. The criterion a for statistical significance was adjusted using the Bonferroni correction for multiple comparisons to a = 0.01.
Results
Demographic Data; Roots Explored and Roots Sectioned
A total of 13 children with CP participated in the study (age range 6-16 years, average 9 years). The male/female ratio was 11:2 (5.5:1). Seven were diplegic (ambulatory) and 6 were quadriplegic (nonambulatory), as detailed in Table 2 .
Data analysis comprised 5 roots (L2-S1) on each side, namely 10 roots for 12 of the 13 patients and 8 roots only for the patient in case 5 (where L-4 was not approached, according to the preoperative chart). When the S-2 roots of the patient in case 3 are added, that is a total of 130 roots.
The percentage of sectioning of the L2-S1 DRs ranged from 33% to 58% (mean 48%) for the 7 diplegic (ambulatory) children, and from 46% to 69% (mean 63%) for the 6 quadriplegic (nonambulatory) children.
Anatomical and Physiological Information From ION
Detailed data are the subject of another work, which is currently under preparation. In brief, the successive individual stimulation of VRs and DRs from L-2 to S-2 revealed the innervation territory of the roots (i.e., myotomes) and their overlaps, forming an oblique continuum on the patient's intraoperative sheet as seen in the example reported ( Table 1) . As expected, the number of muscles that contracted was greater under DR stimulation than after VR stimulation for all radicular levels. Symmetry of muscle responses, i.e., comparison of myotomes between left and right sides, was also derived from anatomical mapping by VR stimulation. As assessed by electromyography, symmetry was rather poor for roots L-2 and L-3 (k = 0.30 and 0.17, respectively), but excellent for root L-4 (k = 0.80) and good for roots L-5 and S-1 (k = 0.47 and 0.66, respectively). In the physiotherapist's evaluation there was less variability in the degree of symmetry among the different root levels, with all kappa coefficient values ranging between 0.48-0.70, i.e., at a fair to good level.
Distribution of Grades of Excitability Among Roots
Dorsal root excitability correlated with the anatomical level of the stimulated root (Fig. 4) . Figure 5 illustrates the difference in excitability grades between different root levels, as evaluated by electromyography (Fig. 5 left) (p = 0.000036, Kruskal-Wallis) and by the physiotherapist (Fig.  5 right) (p = 0.000012, Kruskal-Wallis). Root levels corresponding to the upper lumbar segments (L-2 and L-3) were modestly excitable, whereas progressively lower root levels (L-4, L-5, and S-1) displayed higher excitability.
Symmetry of excitability on physiological testing by DR stimulation was good to excellent for all root levels, as assessed by intraoperative electromyography, with a range of kappa coefficient values from 0.56 to 0.89, with the exception of the L-3 DR, which displayed poor leftright agreement (k = 0.34). The physiotherapist's assessment showed good to excellent symmetry in all root levels, including L-3 DR (kappa coefficient ranging from 0.46 to 0.88).
Global Modifications in Sectioning After ION
Modifications were performed in 11 of the 13 patients (84%). Among the 130 roots explored, modifications were carried out in 41.5% (54 roots). In 27 of the 130 roots, the final percentage of sectioning was higher than the one in the initial evaluation, and in 27 other roots (20.7%) it was lower. For all 130 roots, the mean absolute difference in the percentage of sectioning was 10.5%. For the 54 roots in which a modification was decided, the mean absolute difference was 25.3%. For the 27 roots in which a decrease was decided, the mean decrease in sectioning was 26.5%, whereas for the 27 roots in which an increase was decided, the mean increase was 24.1%.
Changes According to Root Levels
The mean absolute difference in the percentage of sectioning per radicular level was 8.4% for L-2, 6.4% for L-3, 19.6% for L-4, 16.5% for L-5, and 3.2% for S-1 roots. With regard to radicular level ( Regarding symmetry, the final decision for sectioning was totally symmetrical between the left and right side in 9 patients (69.2%). In the other 4 patients (30.7%) there was Gillette walking scale: 1-10 (from cannot take any step at all to can climb stairs without difficulty).
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asymmetry; it was mild in 3 patients (cases 2, 8, and 10) (23%) and involved only 1 DR (L-3, L-4, and L-5, respectively), and it was important in 1 patient (case 6) (7.7%), in whom asymmetry involved 3 DRs (L-3, L-4, and L-5).
Overall, ION resulted in differences in the final percentage of root sectioning for most root levels. For root levels L-2 and L-3 there was a statistically significant absolute difference in the sectioning decision, with mean values of 8.4% (p = 0.004, Wilcoxon test) and 6.5% (p = 0.0004, Wilcoxon test), respectively. A more noted divergence was observed for roots L-4 and L-5, where the mean value of absolute difference in the sectioning decision was 18% (p = 0.00003, Wilcoxon test) and 16.6% (p = 0.00006, Wilcoxon test), respectively. Only for the S-1 root was the difference in the sectioning decision slight; it did not reach statistical significance (mean value of absolute difference of 3.1%; p = 0.016, Wilcoxon test with Bonferroni corrected a = 0.01) (Fig. 7) .
Comparison Between EMG Recordings and the Physiotherapist's Clinical Observations
The data of the anatomical mapping after stimulation of each of the 6 VRs showed good agreement between the 2 methods (overall kappa coefficient: 0.64). 13 Grading of excitability by stimulation of the DR also revealed good to excellent agreement between the intraoperative EMG recordings and the physiotherapist's observations (kappa coefficient: from 0.45 to 0.83).
13 Appraisals of the excitability grades as observed by the 2 methods were found to be highly similar (Spearman's rank correlation, p < 0.001) for all roots (Fig. 5) . 13 
Discussion
Modifications of Final Decision Due to ION
This prospective study shows that the information from ION led to modifications in the initial surgical plan, which was established by the multidisciplinary team on the basis of the widely accepted concept of sectioning one-half to two-thirds of all DRs from L-2 to S-1. Data provided by ION allowed adjustments in sectioning in as many as 11 of the 13 patients enrolled. In each of these 11 patients, the percentage of sectioning for 4 of the 10 bilaterally targeted roots was modified by approximately 25%. These modifications were not uniform between radicular levels. Decreases in sectioning were most frequently decided for roots L-2 and L-3, and increases for roots L-4 and L-5. The greatest changes involved the L-4 and L-5 roots, with increases of 19.6% and 16.5%, respectively. Data obtained with ION led to increases in the quantity of sectioning indicated in the preoperative chart when muscle responses were grade 4 or 3 and to decreases when monitoring revealed low grades of excitability, i.e., grades 2 or 1. Modifications in sectioning were based on ION revelation of a 
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) per radicular level in the 13 patients. Each DR response received a grade from the EMG recordings and the physiotherapist.
significant difference in the degrees of excitability among root levels, with levels L-2 and L-3 displaying lower grades than expected, as opposed to the lower root levels (L-4, L-5, and S-1), which displayed higher excitability. known to contribute to pelvic stability. This is especially true when those muscles are weak, which is often the case in children with CP. To our knowledge, a systematic comparison of excitability between root levels has not been previously reported per se in the literature.
Another argument in favor of ION, and an incentive to perform it bilaterally, is that a bilateral exploration is more accurate than a unilateral one, which is important in deciding on final sectioning.
Importance of Coexistence of EMG Recordings With Physiotherapist's Observation
The grading of excitability by EMG recordings was found to be in relatively good correlation with the grading by the physiotherapist, which raises the question of the justification of using both modalities in current practice. On the one hand, the physiotherapist's presence is indispensable during root stimulation to detect responses in unmonitored muscles, among them the iliopsoas muscle, and to identify all responses spreading to distant muscle groups. On the other hand, the EMG recordings offer an objective demonstration of the exact topography of the muscle responses as well as of the degree of hyperactive patterns. Because DRh is a lesioning technique with irreversible results, we consider it safer to benefit from a double control with 2 complementary but not identical tools before deciding on the optimal percentage of root sectioning.
Limitations of the Study
The main limitation of this study is the relatively small number of patients included. However, because it is a prospective study the exact same protocol was used in all patients. The present study was purposely focused on the specific modifications that ION induced in the initial operative plan; outcome was not considered. However, the overall objectives attained by surgery are mentioned in Table 2 .
Controversies Related to Stimulation and Monitoring
The literature survey reveals a large diversity of opinions about the optimal modality(ies) of ION for children with CP. 1-4, 6-9,14-17,21-34,37,40-48 Several studies even suggest that outcome was not significantly influenced by ION. 37, 39, 44, 48 However, most authors agree on the necessity of intraoperative root stimulation to help distinguish DRs from VRs and to define radicular levels and their myotomal innervation.
It is noteworthy that a large number of teams rely on DR stimulation for excitability testing, as recommended by Fasano et al. [10] [11] [12] This has been our strategy also, in addition to checking myotome innervation by anatomical mapping of VRs. For responses that were ambiguous to interpret, the decision was determined on the basis of what was established by the multidisciplinary team and written down in the preoperative chart.
One crucial aspect for studying excitability is the intensity of the current used for stimulation. We have not found any consensus on the parameters for DR stimulation; most teams use rather high intensity-from 6 to 15 mA (median 10 mA). In our investigation we did not exceed 1 mA, to avoid diffusion not only to the neighboring DRs but also to the adjacent VRs. The latter eventuality has been pointed out by Logigian and colleagues, who warned about the fact that high current intensities could produce costimulation of the VR(s) and generate segmental or even extrasegmental pseudoabnormal responses. [18] [19] [20] Another major controversy is whether stimulation and monitoring should be performed at the level of the DR as an entity, or at each of the rootlets of each targeted DR. Theoretically, performing surgery at the individual level of the dorsal rootlets seems in principle more selective than surgery on the DR as a whole. 4, 6, 21, 29, 30, [32] [33] [34] 47 Fukuhara et al., who conducted a histological study on the sectioned rootlets, claimed that intraoperative monitoring at the rootlet level is a meaningful method because most of the rootlets sectioned showed axonal degeneration on electron microscopy examination. 15 On the other hand, manipulation of rootlets might modify responses to stimulation, especially when they are individually dissected and held with hooks that inevitably exert some degree of harmful traction. 19 Because the procedure tends to last longer, it was noted that rootlets become less reactive, to a point at which an inconsistency in responses may occur. 36, 37, 44 To our knowledge there exists no systematic anatomical study establishing differences between the various rootlets constituting a DR. Except for the DR entry zone, where there is spatial segregation of sensory axons according to size, 42 there is no anatomical or physiological evidence to indicate that axons with a particular distribution of central connections are segregated together in the DR more peripherally, which is where the rootlets are generally sectioned. Furthermore, if an abnormal electrophysiological response is observed with tetanic stimulation of a rootlet at threshold, it is not known whether this reflects the functional status of the majority of nerve fibers in that rootlet, or merely the status of the axons with the lowest threshold. 45 Some experts share the belief that precise identification of the roots is not warranted for DRh, because all major lower-extremity muscles in children with spastic CP receive motor innervation from several segments. 28 From an anatomical point of view, this theory is correct. Nevertheless, each radicular level must be considered as a potential carrier of more or less harmful spasticity.
Conclusions
Beyond controversies-which all confirm the difficulty of evaluating the importance and reliability of ION-this study reinforces our empirical belief that ION may have a substantial role in answering the fundamental question in DRh surgery: which dorsal roots to section and to what extent. Mapping myotomal innervation by stimulation of both the VRs and DRs, and evaluating the degree of excitability of DRs by stimulation of each root individually, offered a warranty of maximal accuracy. Objective information about the precise degree of excitability of the L-4 and L-5 roots, known to be involved in the antigravity and pelvic stability functions, proved crucial to determining the optimal quantity of sectioning at these levels. This was the most important insight that ION offered in this series of patients.
Obviously ION was not intended to replace but to act synthetically with the preoperative chart that was established within the frame of the pediatric multidisciplinary team. Yet, by modifying significantly the program of the preoperative chart, ION helped to better tailor the surgery to the individual features of each child with CP. Therefore we believe that the methodology used is justified, although time-consuming. Also, a double-check of monitoring by EMG recordings and the physiotherapist's observation, although most frequently concordant, certainly maximizes safety. A larger number of patients will probably help us to progressively optimize this protocol, especially in terms of shortening the duration of the operation.
